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The attractive image of Cape Town is threatened by periods of poor air quality 
occurring most often between April and September, during episodes of brown 
haze. When this haze occurs, it appears in the morning as a layer of 
concentrated pollution, likely to be associated with photochemical pollutants such 
as tropospheric ozone (O3) and some of its precursors. Previous studies have 
identified local emission sources and meteorological conditions associated with 
both the air pollution and the brown haze in Cape Town. However, due to the 
transport of air pollutants, emissions from remote sources may also contribute to 
air pollution levels in Cape Town. 
This dissertation investigates the local variation and the regional-scale transport 
of atmospheric pollution over Cape Town, with a focus on O3 pollution. The study 
analyses O3 observations from local air quality stations and uses two 
atmospheric chemistry-transport models to simulate the photochemical pollution 
over southern Africa. 
The results show that the diurnal variation of O3 in the Cape Town area is mainly 
driven by photochemical production while the seasonal variation is strongly 
associated with prevailing wind conditions. Surprisingly, the highest 
concentration of O3 is observed at a remote background site (Cape Point) while 
the lowest concentration is observed at a sub-urban site (Goodwood) where 




Atmospheric simulations show that extreme O3 levels over Cape Town can be 
caused by air pollution transported from the industrial Highveld of South Africa, 
which is the principal source area of anthropogenic emissions in the country. 
Clusters of forward trajectories suggest four paths by which polluted air parcels 
from the industrial Highveld can be transported to Cape Town: a direct 
northeasterly path which is the most frequent route, a tropical deviation route, a 
deviation along the southern coastline of South Africa and an oceanic deviation 
path which is the least frequent route. Most of these trajectories (>70%) are 
simulated to occur between April and September, a period known to be 
characterized by poor ventilation conditions and the brown haze in Cape Town. 
This result suggests that the regional atmospheric transport between April and 
September contributes to increased air pollution levels over Cape Town. 
Therefore, the study recommends the consideration of regional-scale emissions 
and atmospheric transport in monitoring the air quality of Cape Town, bearing in 
mind that the advection paths associated with critical levels of air pollution over 
Cape Town are the direct northeasterly path and the path along the southern 
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Chapter 1: Introduction 
1.1 Tropospheric ozone 
Atmospheric ozone (O3) is a trace gas that exists in both the stratosphere and 
the troposphere. However, its effects differ in the two layers of the atmosphere. 
While stratospheric O3 protects life on Earth against harmful ultraviolet radiations 
from the sun (The Royal Society, 2008), tropospheric O3 contributes to climate 
forcing because it is a greenhouse gas (Unger et al., 2009; Stevenson et al., 
2006). Apart from being a greenhouse gas, tropospheric O3 is an air pollutant 
that has the potential to cause negative effects on natural vegetation (Paoletti, 
2009; van Tienhoven, 2006), crop yields (Avnery et al. 2011), materials (Massey, 
1999; Lee et al., 1996) and human respiratory, eye and cardiac health (WHO, 
2006; Lippman, 1989; Ferris, 1978). 
However, in contrast to many other air pollutants, tropospheric O3 is not emitted 
into the atmosphere but is produced after a series of sunlight-driven chemical 
reactions that involve other air pollutants emitted from anthropogenic, biogenic 
and pyrogenic sources. These pollutants include nitrogen oxides 
(NOx=NO+NO2), volatile organic compounds (VOCs), carbon monoxide (CO) and 
methane (CH4) (Atkinson, 2000; Collins et al., 2000; Crutzen and Zimmerman, 
1991). Nevertheless, NOx and VOCs are considered to be the principal 
precursors of O3 in the lower troposphere (Sillman, 1999). 
2 
 
It is challenging to describe all the reactions between O3 and its precursors, 
mainly because most of these reactions are nonlinear, but also because there is 
a huge diversity of VOC species. Nonetheless, by representing VOCs as RH 
(hydrocarbons in the form of R-H), a series of chemical reactions leading to 
formation of O3 in the presence of VOCs and OH radicals can be described as 
initialized by the following reactions (Dickerson et al., 1997): 
RH + OH  H2O + R          (R1) 
R + O2  RO2           (R2) 
In the presence of NOx and sunlight (hν), the RO2 radicals generated in (R2) 
react with nitric oxide (NO) to generate O3 as follows: 
 RO2 + NO  RO + NO2          (R3) 
 NO2 + hν  NO + O             (R4) 
 O + O2 + M  O3 + M          (R5) 
where M is an inert molecule required to carry away the energy released during 
the production process. Even though nitrogen oxides (NOx) contribute to the 
formation of O3, high levels of NOx can induce the removal of O3 as illustrated by 
the following sequence of reactions (Salby, 1996): 
O3 + NO  NO2 + O2                                                                             (R6)  
NO2 + O  NO + O2                                                                              (R7) 
with the following net effect 
 O3 + O  2O2                (R8) 
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Such a removal of O3 by NOx is commonly known as “the NOx titration effect” and 
it is recurrent in environments where traffic emissions are intense (The Royal 
Society, 2008). Furthermore, molecules of O3 can also be destroyed by 
photolysis as indicated by the following reaction: 
O3 + hν  O2 + O(1D)                                                                            (R9)                                                                                                     
where O(1D) represents very excited atoms of oxygen that are able to react with 
many compounds in the troposphere (Crutzen et al., 1999; Crutzen, 1974). In the 
presence of water vapor, the O(1D) atom can contribute to the formation of the 
hydroxyl radical (OH) as indicated by the reaction: 
H2O + O(1D)  2OH                                                                            (R10)                                                                                             
The removal of O3 through reactions (R9) and (R10) is efficient in environments 
where O3 precursors are scarce (The Royal Society, 2008). Otherwise, in the 
presence of enough VOCs and NOx, the OH radicals generated through the 
reaction (R10) may contribute to the regeneration of O3 through the process 
(R1)-(R5). 
Ozone is a common pollutant in urban and industrial environments because most 
of the O3 precursors (namely NOx, CO and VOCs) are emitted by traffic and 
industries (The Royal Society, 2008; Collins et al., 2000). In addition, O3 is a 
major component of the urban smog (Sillman, 2003) that pollutes the atmosphere 
of many cities across the globe. Therefore, it is relevant to investigate O3 
pollution in urban environments, especially in cities that experience poor air 
quality such as Cape Town. 
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1.2 Poor air quality in Cape Town 
Cape Town is a coastal city located at the southwestern tip of Africa. The 
metropolitan area of Cape Town covers approximately 2,500 km2 and is home to 
nearly 4 million people (City of Cape Town, 2012). Anthropogenic activities in the 
Cape Town area contribute to the emission of trace gases, aerosols and 
particulate matters that are associated with air pollution episodes observed in the 
city (City of Cape Town, 2013; Scorgie and Watson, 2004). The major 
contributors to these emissions are from traffic activities, although domestic and 
industrial emissions contribute significantly over localized zones (Piketh et al., 
2004; Walton, 2005; Chiloane, 2005; Wicking-Braid et al., 1997). However, some 
industrial areas that were initially located on the peripheries of the city are now 
surrounded by residential areas following the city expansion (Sowden et al., 
2008), making it hard to distinguish the sources of emissions but also enhancing 
the human exposure to polluted air. The impacts of human exposure to air 
pollution in Cape Town include increasing mortality due to respiratory, 
cardiovascular and cerebrovascular diseases (Wichmann and Voyi, 2012). 
Although the Cape Town area is not as large as most of the world’s megacities 
and, despite that it is located near a clean marine environment, it experiences an 
unusual smog pollution locally known as “the brown haze”. This haze is recurrent 
between April and September; and when it occurs, a polluted layer extends over 
most of the metropolitan area in such a way that the atmosphere over Cape 
Town becomes heavily polluted; resulting in visibility degradation and extreme 
pollution levels (Piketh et al., 2004). 
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In order to reduce the health effects of poor air quality on its inhabitants, 
especially during brown haze episodes, the City of Cape Town operates a dozen 
air quality monitoring stations, spread across the metropolitan area. Additionally, 
the municipality controls local vehicle emissions and contributes to the 
improvement of air quality in informal settlements (City of Cape Town, 2005). 
Certainly, local atmospheric emissions contribute significantly to the formation of 
the brown haze. However, air pollutants from sources outside the Cape Town 
area might also be contributing to the levels of air pollution in the city. This study 
investigates the regional-scale transport of air pollutants over Cape Town, with a 
focus on O3 pollution. 
1.3 Study aim and objectives 
The aim of this study is to investigate the local variation and the regional-scale 
transport of O3 pollution over Cape Town. The objectives of the study are as 
follows: 
 To describe the local variation of ground-level O3 in the Cape Town area, 
especially with respect to local emissions and wind conditions. 
 To simulate the atmospheric pollution over southern Africa using two 
atmospheric chemistry-transport models (RegCM-Chem and WRF-Chem). 
 To evaluate the ability of the two atmospheric models in simulating the 
photochemical pollution over Cape Town. 
 To study the regional transport of O3 pollution and its implications on air 
quality in Cape Town. 
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 To identify the possible advection paths by which polluted air parcels from 
a particular remote source are transported to Cape Town. 
1.4 Dissertation outline 
This dissertation is divided into seven chapters. Chapter 2 provides a review of 
the literature on the evidence and the impacts of large-scale transport of O3 
pollution as well as the distribution of tropospheric O3 over southern Africa. 
Chapter 3 presents the observed data used to study the variation of ground-level 
O3 in the Cape Town area. In addition, this chapter provides a description of the 
atmospheric models and their set-up, as well as the lagrangian trajectory model 
used to simulate the transport of air parcels from a remote source to Cape Town. 
The study results are presented in Chapters 4, 5 and 6. Chapter 4 discusses the 
local variation of ground-level O3 in the Cape Town area. A validation of the two 
atmospheric models against observed data over Cape Town is presented in 
Chapter 5. Chapter 6 discusses the results on the regional-scale transport of O3 
pollution over South Africa and its impacts on the air quality over Cape Town. A 




Chapter 2: Literature review 
2.1 Long-range transport of O3 pollution: evidence and impacts 
Although O3 precursors are mostly emitted in urban and industrial areas, certain 
rural areas experience high concentration of O3 caused by long-range transport 
of O3 and its precursors. For example, the O3 episodes frequently observed 
during summer in northern Portugal (Monteiro et al., 2012) and Spain (Saavedra 
et al., 2012) have been associated with O3 pollution transported from urban and 
industrial areas of the Iberian Peninsula (Borrego et al., 2013). Due to the long-
range atmospheric transport, O3 pollution is also advected across national 
borders, making O3 an important transboundary pollutant (The Royal Society, 
2008). For instance, Brankov et al. (2003) studied the transport of O3 pollution 
between New York City and Toronto and showed that air parcels from each of 
the two cities can cross national borders, contributing to O3 pollution in the 
neighboring country. Furthermore, Yoshitomi et al. (2011) showed that, during 
springtime, emissions from China contribute to an increase of 2-6 parts per billion 
(ppb) O3 levels in Japan. In southern Africa, the transport of biomass burning 
products from tropical Africa contributes to the seasonal maxima O3 
concentrations observed over most of Botswana, Namibia, Zimbabwe and parts 
of northern South Africa (Thompson et al., 1996a; 1996b). 
The long-range transport of O3 pollution can surpass the continental limits to 
extend over hemispheric scales, making O3 a pollutant of global concern (The 
Royal Society, 2008; Stohl, 2002). Although the inter-continental transport of O3 
and its precursors may take up to 2 weeks (Liu and Mauzerall, 2005), it 
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contributes to increased concentration over the receptor continent. For example, 
in the northern hemisphere, Duncan et al. (2008) showed that long-range 
transport of pollution from Europe contributes to increased O3 levels over 
northern Africa and the Middle East, causing extreme O3 levels on more than 50 
days per year. In addition, Fiore et al. (2002) found that anthropogenic emissions 
in Europe and Asia contribute to increased surface O3 concentration in the 
United States by 4–7 ppb in summer. Furthermore, springtime O3 maxima levels 
in Europe have been associated with anthropogenic emissions from Asia and 
North America (Derwent et al., 2008; 2004). Li et al. (2002) found that the 
influence of emissions from North America on air quality in Europe is driven by 
the long-range transport of O3 itself, rather than that of its precursors and 
suggested that 20% of the extreme O3 pollution events in Europe in the summer 
of 1997 would not have occurred in the absence of anthropogenic emissions 
from North America. 
Compared to the northern hemisphere, fewer studies have investigated the 
intercontinental transport of O3 and its precursors in the southern hemisphere. 
Using trajectory modeling, Thompson et al. (1996a) suggested that air parcels 
rich in O3 off the northeastern coast of Brazil reach southwestern Africa during 
the season of biomass burning, and contribute to the seasonal O3 maxima levels 
over the tropical Atlantic Ocean. Furthermore, Wenig et al. (2003) detected a 
plume rich in NO2 stretching from the eastern South Africa to Australia, from 
GOME1 satellite imageries; pointing out the potential implication of South African 
                                                     
1 GOME: Global Ozone Monitoring Experiment 
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emissions on photochemistry over the South Indian Ocean. This observation by 
Wenig et al. (2003) confirmed the results in Sturman et al. (1997) which showed 
that air parcels from eastern South Africa can be transported as far as Oceania.  
The results from these studies show that, even though the long-range transport 
of O3 and its precursors may be occasional and its contribution to increased local 
ambient concentration may be of the order of a few units only, it might still 
contribute to the exacerbation of air quality in locations downwind. The findings 
from these studies highlight the necessity of monitoring O3 pollution at the 
regional scale. 
2.2 The distribution of tropospheric O3 over southern Africa 
Research started to give attention to the distribution of tropospheric O3 over 
southern Africa when Fishman et al. (1986; 1990; 1991) identified, using TOMS2 
satellite observations, seasonal maxima of total column O3 over the tropical 
southeast Atlantic and southern Africa each year between August and October. 
These observations gave rise to international research initiatives with the aim of 
putting together a regional picture of the distribution of tropospheric O3 
(Thompson et al., 1996a). Because fire emissions prevail over most of tropical 
Africa and South America during these months, it was assumed that the regional 
O3 maxima levels were linked to biomass burning products released from these 
land areas (Fishman and Larsen, 1987). Therefore, one of the objectives of these 
research initiatives was to investigate the transport of pollution from biomass 
burning source areas to the locations where O3 maxima levels were observed 
                                                     
2 TOMS: Total Ozone Monitoring Spectrometer 
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(Thompson et al., 1996a). These research initiatives used various atmospheric 
sampling tools that include ground-measurements, ozonesondes and aircraft 
campaigns. During September and October 1992, the first aircraft campaigns to 
focus on the aspects of O3 and associated dynamics over southern Africa took 
place as part of SAFARI-923 (Andrea et al., 1994). Several studies (such as 
Thompson et al., 1996a; Thompson et al., 1996b; Garstang et al., 1996; Diab et 
al., 1996; Cosijn and Tyson, 1996; Swap et al., 1996, etc.) that resulted from 
SAFARI-92 were published in a special issue of the Journal of Geophysical 
Research (vol. 101, no. D19, 1996). Thompson et al. (1996a) combined 
trajectory and photochemical modeling to show a connection between the 
seasonal O3 maxima levels observed over southern Africa and biomass burning 
products from Angola, Zambia and Mozambique, that are recirculated over the 
subcontinent under the influence of a semi-permanent continental anticyclone. A 
key result of SAFARI-92 was that southern Africa is a network of biogeophysical 
systems linked by regional atmospheric circulation, and that biomass burning 
products were the principal but not the only significant source of O3 precursors 
during the spring O3 maxima over the subcontinent (Thompson et al., 1996a). 
Later on, however, Swap et al. (2003) suggested that the contribution from 
biogenic and anthropogenic emissions in southern Africa to the regional spring 
O3 maxima levels might also be substantial. 
Besides the biomass burning emissions that are seasonal, anthropogenic 
emissions from urban and industrial areas in southern Africa are permanent and 
                                                     
3 SAFARI: Southern Africa Fire Atmospheric Research Initiative 
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contribute to the less homogeneous distribution of O3 over the subcontinent. For 
example, over South Africa, Combrink et al. (1995) compared the variation of O3 
concentration from two sites near industries (Elandsfontein and Verkykkop) in the 
north-eastern Highveld to O3 concentration from Cape Point, a coastal and 
remote background site away from intense human activity, at the south-western 
tip of the country. Their results showed that both the diurnal and seasonal 
variations of O3 concentration were different in the two areas. While the O3 
concentration at Cape Point features a weak diurnal cycle, the diurnal cycle of O3 
concentration near the industrial area increases following peak emission hours. 
In addition, the seasonal cycle of O3 concentration at Cape Point peaks (~28 ppb) 
in winter, whereas the seasonal O3 maxima levels (>40 ppb) in the industrial area 
occur in spring (usually in September), possibly owing to both the industrial and 
the seasonal fire emissions. 
A larger set of station data from across southern Africa were analyzed by 
Zunckel et al. (2004) under the CAPIA4 project. The aim of the project was to 
assess the potential risk of damage that O3 can cause to maize crops over 
southern Africa.  Consequently, their study only considered data from monitoring 
stations outside of urban and industrial areas. Ozone data from ten sites (eight in 
South Africa, including six from the north-eastern Highveld of the country; one 
site in Etosha, Namibia; and a site in Maun, Botswana) were analyzed in their 
study. With the exception of O3 levels from Cape Point that is primarily influenced 
by air masses of marine origin (Zunckel et al., 2004; Brunke et al., 2004), surface 
                                                     
4 CAPIA: Cross Border Air Pollution Impact Assessment 
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O3 concentrations at the other nine sites featured strong seasonal variations, with 
maxima occurring between August and October, due to biomass burning 
products during this season (Zunckel et al., 2004). Furthermore, the highest O3 
concentrations were reported at Maun (northern Botswana) and at the sites in the 
north-eastern Highveld of South Africa. In both areas, springtime O3 maxima 
varying between 40-60 ppb were recorded, exceeding the threshold O3 
concentration of 40 ppb, which was considered to represent a risk for maize 
crops (Zunckel et al., 2004). 
However, because these monitoring stations were not necessarily located in 
areas where maize is grown, the CAPIA project adopted the use of 
photochemical modeling to complement the work of Zunckel et al. (2004) 
(Zunckel et al., 2006; van Tienhoven et al., 2006). By coupling two Eulerian 
models (MM5 for meteorology and CAMx for photochemistry), Zunckel et al. 
(2006) simulated the distribution of O3 over southern Africa for 5 days each 
month during the maize growing season of October 2000 to April 2001. Their 
model results showed that parts of Namibia, Botswana, Zambia, Zimbabwe, 
Mozambique and South Africa experience maxima O3 levels above the fixed 
threshold. In South Africa, the highest O3 concentration was simulated over the 
north-eastern Highveld, which covers the most urbanised and industrialised 
areas of the country (Collett et al., 2000). Several studies (such as Zunckel et al., 
2000; Collett et al., 2000) showed that this region is the principal source area of 
anthropogenic emissions (including O3 precursors) of the country and a major 
one worldwide (Munnik et al., 2010; Wenig et al., 2003), from where air parcels 
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are transported to various locations downwind, on the subcontinent and over the 
adjacent oceans (Freiman and Piketh, 2002). 
2.3 Transport of air parcels out of the industrial Highveld 
Previous studies (such as Cosijn and Tyson, 1996; Garstang et al., 1996) have 
shown that the vertical transport of air parcels over the Highveld region of South 
Africa is prevented by three stable atmospheric layers. These layers occur 
primarily under subsidence imposed by the descending branches of the Ferrell 
and Hadley cells near the southern mid-latitudes (Garstang et al., 1996). The top 
layers around 300 hPa (~7 km) and 500 hPa (~5 km) are semi-permanent 
throughout the year, while the lowest layer at 700 hPa (~3 km) is occasionally 
disrupted, allowing air parcels to move upward and get trapped between the 700 
and 500 hPa layers. In general, the mixing height is increased in summer by 
surface heating (Tyson et al., 1997) and the atmospheric conditions over the 
Highveld tend to be more stable in late autumn, winter and early spring (Preston-
Whyte et al., 1977). When these atmospheric layers inhibit vertical transport, air 
pollution from the industrial Highveld is constrained to the horizontal transport 
within the lowest layers of the troposphere. 
Freiman and Piketh (2002) used trajectory modeling to investigate the transport 
of air parcels out of the industrial Highveld. By running trajectories for 4 months 
(February, April, July and October) over 8 years, from a five-point array centered 
over the industrial Highveld, at 800 and 700 hPa, these authors identified two 
major modes for zonal transport of air parcels out of the Highveld. 
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The first mode consists of recirculated transport, by which polluted air 
recirculates in an anticyclonic pattern back towards the point of origin over the 
subcontinent. This recirculation can occur on both regional and subcontinental 
scales. Depending on the scale of the recirculation, the transport time ranges 
from two to nine days. On average, a third (33%) of all transport was estimated to 
be recirculated over the interior subcontinent (Freiman and Piketh, 2002). Piketh 
et al. (2002) provided the evidence of the passage of recirculated pollution from 
the industrial Highveld at Ben MacDhui, a site located in southern Lesotho. 
The second mode is direct transport in which polluted air from the industrial 
Highveld is transported directly to various locations downwind, representing 67% 
of all transport (Freiman and Piketh, 2002). Most of the air transported out of the 
industrial Highveld (45% of all transport) exits the subcontinent towards the 
southwest and south Indian Ocean. Occasionally, air parcels exiting the 
subcontinent in this way reach places as distant as Oceania (Wenig et al., 2003; 
Sturman et al., 1997). Direct transport out of the Highveld also accounts for 14% 
cases towards the Atlantic Ocean and 8% cases towards the equatorial Africa 
(Frieman and Piketh, 2002). Under stable conditions, polluted air parcels from 
the Highveld can reach equatorial countries, as distant as Kenya (Tyson and 
Gatebe, 2001). Therefore, it is evident that aerosols and trace gases from the 
industrial Highveld can be transported over hundreds to thousands of kilometers 
across the subcontinent and the adjacent marine areas. It is also possible that 
these polluted air parcels contribute to worsen the air quality in remote locations 
including cities such as Cape Town. 
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2.4 Characterization of air pollution in Cape Town 
2.4.1 Meteorological aspects 
The levels of air pollutants in Cape Town depend on prevailing meteorological 
conditions. During the haze months (April to September), synoptic conditions in 
the upper troposphere are dominated by anticyclonic circulations associated with 
a continental high-pressure system over southern Africa (Tyson et al., 1996). 
This circulation pattern induces subsidence of air over most of the subcontinent, 
resulting in stable conditions in the lower troposphere. Jury et al. (1990) 
suggested that such stable conditions and the steep topography in Cape Town 
enhance the accumulation of air pollutants and the formation of the brown haze. 
In addition, Jury et al. (1990) found that the haze pollution is associated with berg 
winds that reach Cape Town by the north-eastern route. These winds are slow 
and can blow for hours to days (Preston-Whyte and Tyson, 1988), promoting the 
accumulation of air pollutants over Cape Town. Piketh et al. (2004) identified 
similar northeasterly winds during the brown haze season. 
Unlike over the interior South Africa (see in Section 2.3), coastal regions 
(including Cape Town) experience near-surface stable conditions, caused by 
subsidence of air (Cosijn and Tyson, 1996). Using radiosonde soundings from 
the Cape Town International Airport, Piketh et al. (2004) identified stable layers 
that occur between 900 hPa (<1 km) and 750 hPa  (2.5 km), in agreement with 
Cosijn and Tyson (1996) who showed that coastal areas of South Africa 
experience absolute stable layers around 850 hPa (~1 km). These layers were 
found to be important factors that contribute to the accumulation of air pollutants 
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during the haze season in Cape Town (Piketh et al., 2004). However, Keen 
(1979) observed that the haze pollution in Cape Town is more commonly 
associated with nocturnal temperature inversions than with the elevated 
subsidence inversions. Wicking-Baird et al. (1997) agrees with both Keen (1979) 
and Jury et al. (1990) by showing that brown haze episodes in Cape Town are 
often associated with both nocturnal temperature inversions and berg winds over 
Cape Town. 
Nonetheless, there also exist meteorological conditions that contribute to the 
reduction of air pollution in Cape Town. In winter, westerly disturbances over the 
west coast of South Africa have a cleansing effect on air over Cape Town 
(Wicking-Baird et al., 1997; Preston-Whyte and Tyson, 1988). During summer, 
strong southeasterly winds (locally known as “The Cape Doctor”) dilute the 
atmosphere, resulting in low levels of pollution over most of the Cape Town area. 
In autumn, cool air advected by the cold Benguela Current tends to dilute the 
atmosphere over the city (Jury and Spencer-Smith, 1988). Other circulation 
patterns such as sea breezes, also contribute to the atmospheric dilution over 
Cape Town (Keen, 1979). 
2.4.2 Sources of atmospheric emissions 
Apart from the influence of meteorological conditions, poor air quality conditions 
in Cape Town are associated with atmospheric emissions. Various methods have 
been used to identify local sources of these emissions. Using ground-based 
measurements collected between 1995 and 1996, Wicking-Braid et al. (1997) 
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attributed 65% of the visible degradation caused by the brown haze to vehicle 
emissions and 22% of it to local industrial emissions. The use of wood, most 
common in informal settlements and townships (City of Cape Town, 2002), 
contributes 11% to the visible degradation, while the contribution from natural 
sources such as sea salt and wind-blown dust was estimated at only 2% 
(Wicking-Braid et al., 1997). In order to study the composition of the brown haze, 
Piketh et al. (2004) used aircraft samplings and identified high levels of primary 
pollutants (e.g. NO and SO2) over industrial areas and high levels of O3 near 
Strand, a location on the south-east coast of the Cape Town area. With the same 
aircraft measurements, Chiloane (2005) found the highest levels of VOCs over 
the north-east of the Central Business District (CBD), Wallacedene, Grassy Park 
and the township of Mitchell’s Plain. Moreover, substantial anthropogenic 
emissions in the township of Khayelitsha contribute to the most frequent and 
severe episodes of particulate matters (i.e. PM10) in the Cape Town area (City of 
Cape Town, 2013; City of Cape Town, 2012; Tessema, 2011; City of Cape Town, 
2005). Furthermore, Walton (2005) used a Eulerian model to show that major 
sources contributing to the visibility degradation during brown haze episodes are 
the CBD, the Caltex Oil Refinery near Tableview and the townships of Mitchell’s 
Plain and Khayelitsha. 
However, few studies have investigated the contribution of emissions from 
remote sources to the poor air quality in Cape Town. Recent studies by Abiodun 
et al. (2013) and by Jenner and Abiodun (2013) suggested a link between 
extreme pollution levels in Cape Town and air pollution transported from the 
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Mpumalanga Highveld. However, Jenner and Abiodun (2013) only focused on 
the transport of sulfur compounds, while Abiodun et al. (2013) only studied the 
transport of nitric compounds without considering their influence on the local O3 
pollution. In addition, none of these studies identified the paths by which polluted 
air parcels from the industrial Highveld are advected to Cape Town. This study 




Chapter 3: Methodology 
3.1 Observed data 
In Chapter 1, it was mentioned that the City of Cape Town operates a dozen air 
quality stations in order to monitor air pollutants that have negative impacts on 
human health and contribute to brown haze. However, few of those stations 
monitor O3 on a continuous basis. This study analyses data of ambient O3 
concentration obtained from two stations (Goodwood and Molteno) regulated by 
the municipality, and additional data from the GAW (Global Atmosphere Watch) 
station at Cape Point regulated by the SAWS (South African Weather Service). 
The geographical location of each of these three stations is shown in Figure 1. 
The records of O3 concentration at the three sites were obtained in different 
formats. While the O3 readings from Molteno (33°93’S and 18°41’E) and 
Goodwood (33°54’S and 18°33’E) are recorded every hour, those from Cape 
Point (34°21’S and 18°29’E) are recorded every half-hour. In addition, the O3 
concentration at Molteno and Goodwood are recorded in microgram per cubic 
meter (µg/m3) while the O3 concentration at Cape Point is recorded in ppb. A 
conversion of the O3 readings from Cape Point, from ppb to µg/m3, then from 
half-hourly to hourly, is done to allow comparison between the O3 levels at the 
three sites. Unfortunately none of the three stations monitor VOC species5, while 
measurements of O3 precursors (i.e. NOx and CO) were only available from the 
Goodwood station. Therefore, NOx and CO data from Goodwood are also used 
                                                     
5 Having started in the mid 2000s, the monitoring of VOC species in the Cape Town area is 
currently conducted at one station (Foreshore) (Personal communication with Fazlin Waggie from 
the Air Quality Monitoring Section, City of Cape Town). 
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in this study, to investigate the role of emissions on the local variation of O3 
concentration. 
 
Figure 1 Location of air quality monitoring stations within the Greater Cape Town area. 
Red squares on the map show sites from which O3 and wind data were obtained for this study. 
Different colors are used to show the different suburbs of the Greater Cape Town area. Source: 





Figure 2 Topography near the air quality stations at Molteno, Goodwood and Cape Point. 
The map shows the topography of the Cape Peninsula as well as the location of the three sites 
from where air quality and wind data were obtained for this study. The approximated elevations at 
each site are the following: Molteno (98m), Goodwood (27m) and Cape Point (8m). The map was 




The distances between the three sites are as follows: Molteno – Goodwood (~16 
km), Molteno – Cape Point (~65 km) and Goodwood – Cape Point (~77 km). The 
Goodwood station is located in a semi-residential and semi-industrial suburb 
traversed by busy roads such as the R102, the M7 highway and the N1 national 
road. Furthermore, there are informal settlements and small-scale industries to 
the south of Goodwood. Therefore, levels of air pollutants recorded at that station 
likely account for a mix of traffic, domestic and industrial emissions. The Molteno 
station is located in a residential area in the vicinity of the city centre. Thus, 
ambient air concentrations recorded at that station might be dominated by 
pollution from traffic emissions. The station at Cape Point is located at the 
southern of the Cape Peninsula, away from substantial human activity. Even 
though the site attracts local and international tourists, anthropogenic emission 
rates at the site are likely to be much lower than those at Molteno and 
Goodwood. In addition, the Cape Point station is the oldest O3 monitoring site 
within the region, and several studies have been conducted to assess the 
variation of O3 in such a clean environment (Oltmans, 1981; Scheel et al., 1990; 
Oltmans and Levy II, 1994). 
In order to study the influence of wind conditions on O3 pollution in the Cape 
Town area, hourly measurements of wind speed and wind direction were 
obtained from each of the three stations, but from different institutions. While 
wind data from Goodwood were obtained from the Air Quality Monitoring Section 
of the City of Cape Town, those from Molteno and Cape Point were obtained 
from SAWS. The topography near each of the three sites (Figure 2) can help 
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understanding the local air pollution dynamics. Goodwood is located in a flat 
environment that allows the flow of wind off the ocean and subsequent dispersion 
of air pollutants. In contrast, the station at Molteno is partially enclosed by 
mountains that might limit the effective dispersion of air pollutants. Consequently, 
air pollutants (locally emitted or produced and those transported) are likely to 
accumulate near this site, contributing to increasing the levels of air pollution. 
The station at Cape Point (on the southern edge of the Cape Peninsula) 
experiences winds of marine origin, which are likely to contribute to the dilution of 
the atmosphere. Air quality and wind readings for the period 2001-2004 from the 
three stations are used to describe the local variation of ground-level O3 in the 
Cape Town area. 
3.2 Simulation of the photochemical pollution over southern Africa 
As in Cape Town, direct measurements of O3 elsewhere in southern Africa are 
scarce, limited to a few active and passive stations (Zunckel et al., 2006). To 
overcome this scarcity of O3 data in the region, we simulated the photochemical 
pollution over southern Africa using two atmospheric chemistry-transport models: 
RegCM-Chem (hereafter RegCM) and WRF-Chem (hereafter WRF). Using more 
than one model presents two major advantages: (a) an inter-model comparison 
becomes possible; (b) the robustness of the study results increases. The 
following sub-sections provide a description of the two atmospheric models, their 
parameterization and initialization in order to simulate the atmospheric pollution 
over southern Africa. 
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3.2.1 RegCM description, set-up and chemistry initialization 
One model that this study uses to simulate the regional photochemical pollution 
is the International Centre for Theoretical Physics (ICTP) Regional Climate Model 
(RegCM), version 4. The RegCM is a hydrostatic and terrain-following coordinate 
model (Giorgi and Anyah, 2012; Pal et al., 2007) whose climate component has 
been successfully tested over South Africa (Sylla et al., 2009). 
The climate module of RegCM has different parameterization schemes to 
represent atmospheric processes. For this study, the model uses the CCM3 
scheme (Kiehl et al., 1996) for radiation calculations, the mass-flux cumulus 
scheme of Grell et al. (2005) with Fritsch and Chappell (1980) closure for 
convection, and the Holtslag and Boville (1993) parameterization for the 
boundary layer. Land-atmosphere interactions are parameterized according to 
the Biosphere-Atmosphere Transfer Scheme (BATS) (Dickinson et al., 1993) 
which is based on Monin-Obukhov similarity relations (Monin and Obukhov, 
1954). 
For the chemical processes, the model uses the Carbon Bond Mechanism, 
version Z (CBM-Z) (Zaveri and Peters, 1999) for gas-phase mechanisms and the 
Tropospheric Ultraviolet-Visible model (TUV) scheme (Madronich and Flocke, 
1999) for photolysis. Dry deposition follows the Community Land Model 4 (CLM4) 
developed by Wesley (1989). A detailed description of the incorporation of gas-
phase chemistry within RegCM is described in Shalaby et al. (2012). 
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Due to the lack of a gridded emission inventory for southern Africa, the RCP6 
global emission data were used to initialize the photochemistry within RegCM. 
While these emissions data are publicly available7, they were obtained with the 
RegCM package. These emissions are available at a horizontal grid-resolution of 
1° x 1°, and they account for the various O3 precursors (Figure 3).  
 
Figure 3 Emission rates of O3 precursors over South Africa as used to initialize RegCM. 
Only some of the precursors are shown in the figure: (a) NOx, (b) CO, (c) ethylene (VOC) and (d) 
xylenes (VOCs). These emission rates are as found in the RCP database. 
 
Although the RCP emission data may not be accurate over southern Africa, they 
were used to meet the goal of the study which is to identify patterns in the 
regional transport of O3 pollution to Cape Town. Furthermore, these emission 
inputs have monthly variation but no diurnal variation. Therefore, it is assumed 
                                                     
6 RCP: Representation Concentration Pathways 
7 The RCP database is available online from the International Institute for Applied Systems 




that daily variations in simulated concentration of air pollutants are mainly driven 
by the variation in meteorological conditions. 
3.2.2 WRF description, set-up and chemistry initialization 
The other model used in this study is the non-hydrostatic Weather Research and 
Forecasting (WRF) model (Skamarock et al., 2005). As with RegCM, WRF is a 
terrain-following model and its climate component has been successfully tested 
over southern Africa (Crétat et al., 2011). In this study we used the WRF version 
3.2, coupled with chemistry (WRF-Chem) to simulate the photochemical pollution 
over southern Africa. A full description of WRF-Chem is provided in Grell et al. 
(2005). 
The model employed the RRTM (Rapid Radiation Transfer Model) for longwave 
radiation (Mlawer et al., 1997), the Dudhia (1989) shortwave radiation scheme, 
the Grell 3D ensemble cumulus scheme (Grell and Devenyi, 2002), and the 
Yonsei University scheme (YSU) for the planetary boundary layer (Hong et al., 
2006). Similar parameterizations to those selected in setting up RegCM were 
used where possible for the photochemical processes in WRF. For instance, the 
model used the CBM-Z for gas-phase mechanism (Zaveri and Peters, 1999) and 
the Madronich scheme (Madronich, 1987) for photolysis. Dry deposition is 
resolved using the ‘‘flux-resistance’’ method (Wesley, 1989). 
Again due to the lack of a gridded emission inventory for southern Africa, 
atmospheric emissions available at the global scale were used to initialize the 
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photochemistry in WRF; but this time the emission data were from EDGAR8 
version 4.2, available at a 1.5° x 1.5° resolution. This emission dataset was 
obtained separately from WRF and a pre-processing was required to make it 
readable by the model. Hence, the EDGAR emissions were firstly prepared using 
an open pre-processor described in Freitas et al. (2011). As for the RCP 
emissions, the EDGAR emission dataset includes various O3 precursors (Figure 
4).  
 
Figure 4 Emission rates of O3 precursors over South Africa as used to initialize WRF. 
Only some of the precursors are shown in the figure: (a) NOx, (b) CO, (c) ethylene (VOC) and (d) 
xylenes (VOCs). These emissions are as found in the EDGAR4.2 database. 
 
  
                                                     
8 EDGAR: Emission Database for Global Atmospheric Research. This dataset is from the 
European Commission Joint Research Centre (JRC) in partnership with the Netherlands 
Environmental Assessment Agency (PBL). More information about the emission database can be 
found at http://edgar.jrc.ec.europa.eu (2011) 
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The reader should note that in both RCP and EDGAR datasets atmospheric 
emissions over Cape Town are substantial (Figures 3 and 4), suggesting that the 
Cape Town area is a potential source of O3. Again as for the RCP emissions, the 
EDGAR emissions might not be accurate over southern Africa, but still they were 
used because the aim of the simulation is to allow an investigation of the 
regional-scale transport of O3 pollution, and not the prediction of O3 concentration 
in the region. 
3.2.3 Meteorological initialization, domain and period of simulation for both models 
For this study, it was crucial that both RegCM and WRF use reliable initial 
conditions for the atmospheric dynamics in order to expect good results from the 
simulation of the regional transport of air pollutants. Meteorological input (initial 
and boundary conditions) provided by the 6 hourly ERA-Interim 1.5° x 1.5° 
gridded reanalysis data from the ECMWF (European Centre for Medium-Range 
Weather Forecasting) were used for both models. This data has been assessed 
to be appropriate for studying the atmospheric transport (Piketh et al., 2002; 
D’Aberton, 1996; Thompson et al., 1996a) and the climatology (Sylla et al., 2009) 
over southern Africa. 
The simulation domain was centered at 24°E and 33°S for both models. 
However, the domain size was slightly different for the two models. For RegCM, 
the simulation domain spanned the region between 16.62°W and 54.41°E (with 
189 grid points), and between 10.50°S and 40.45°S (with 97 grid points). For 
WRF, the domain spanned the region between 16.69°W and 56.10°E (with 188 
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grid points) and between 12.82°S and 37.54°S (with 96 grid points). Nonetheless, 
both domains were subdivided into grids of 35 km resolution in the horizontal, 
following the Lambert conformal projection (Figure 5). The two models also had 
different stratification in the vertical. While RegCM uses 18 sigma layers, WRF 
uses 33 sigma layers. In both cases, the highest resolution is within the lowest 
layers (near the surface). In this study, the simulations for the lowest model grid 
level were assumed to represent the ground-level O3 and near-surface wind 
conditions. 
The simulation experiment is done for the period October 2000-December 2004, 
with both models. The experiment is limited to this period because of the limited 
computing resources available for this study. The simulation for the first 3 months 
(October-December 2000) is considered as model spin-up, and hence is 
discarded for the analysis. Therefore, only the analysis of the 48-month 







Figure 5 Simulation domain and terrain elevation as considered by both models. 
The elevation is expressed in meters above sea level (asl).   
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3.3 Simulation of pollutants’ trajectories 
This study uses a lagrangian trajectory model to simulate the possible paths by 
which polluted air parcels over South Africa can be advected to Cape Town. To 
this end, the primary focus is on running trajectories from the industrial Highveld 
that covers parts of Gauteng and Mpumalanga provinces, the main source area 
of anthropogenic emissions in the country (Collett et al., 2000). 
The lagrangian trajectory model was run using near-surface horizontal wind 
conditions (u and v) simulated by both RegCM and WRF, as initial conditions, 
with the assumption that there are no significant deviations in the vertical. Errors 
related to this assumption were minimized by running multiple trajectories. Thus, 
clusters of 36 air parcels were released daily (between January 1, 2001 and 
December 11, 2004; i.e. for 1441 days) from a 2.5° x 2.5° domain that covers the 
industrial Highveld of South Africa (Figure 6). The lagrangian model settings are 
such that, after one simulation day, the wind conditions at the new location are 
used to determine the next position, and so on until 20 days have been 
simulated. In other words, the path of each air parcel from the industrial Highveld 
was monitored for a maximum of 20 days. We considered 20 days because O3 
has an estimated mean lifetime of approximately 22 days in the troposphere 







Figure 6 The location of the 6x6 point-array origin of clusters of lagrangian trajectories. 
The 36 point-origins are regularly spaced by 0.5° between 25.2°S-27.7°S and 27.2°E-29.7°E, a 
domain that covers the industrial Highveld of South Africa (i.e. parts of Gauteng and Mpumalanga 





Chapter 4: Results on the variation of ozone 
pollution in the Cape Town area 
4.1 Diurnal variation 
The diurnal variation of O3 concentration in the Cape Town area varies from site 
to site. For instance, there is a clear difference between the diurnal cycle of O3 
concentration at Cape Point (remote background site) and at the sites close to 
the city centre (Figure 7a). The diurnal cycle of O3 concentration at Cape Point 
features a single-mode pattern that peaks at 13h, reaching a maximum 
concentration of approximately 65 µg/m3. Since there is no intense human 
activity near Cape Point, such a pattern suggests local production of O3 primarily 
driven by sunlight and O3 precursors from non-anthropogenic emissions. In 
contrast, the diurnal cycles of O3 concentration at Molteno and Goodwood have 
an identical pattern with two peaks: a night-time peak (~30 µg/m3) that occurs 
between 1h-5h, and a daytime peak (~45 µg/m3) that occurs in the early 
afternoon between 12h-15h. However, Molteno experiences higher O3 
concentration than Goodwood, possibly because Molteno is located in the vicinity 
of the city centre where vehicle emissions are likely to be the highest in the Cape 
Town area. Moreover, the mountains surrounding Molteno may also constrain 
the dispersion of local pollutants, unlike Goodwood that is located on a flat 
environment. 
Surprisingly, the O3 concentration is higher at Cape Point (remote background 
site) than at Molteno (urban site) and Goodwood (sub-urban site) despite the 
presence of anthropogenic emissions of O3 precursors in the city. A plausible 
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explanation is the presence of chemical sinks in urban and sub-urban 
environments of the Cape Town area. Indeed, measurements at the Goodwood 
station suggest that NOx is a chemical sink of O3 (Figure 7b), as the decline of O3 
concentration between 5h-8h and 18h-22h at Goodwood coincides with an 
increase of NOx levels at that location. Another explanation is that there could be 
sources of major pollution upwind from Cape Point. 
 
 
Figure 7 Diurnal variation of O3 concentration at three locations in the Cape Town area. 
(a) Composite diurnal cycles of O3 concentration at Cape Point, Molteno and Goodwood for the 
period 2001-2004. The vertical bars show the standard deviation (± 1σ) error. (b) Composite 





Figure 7b also suggests that the daytime O3 peak at Goodwood is a result of the 
local emissions of NOx and CO, six hours earlier. The early morning peaks of 
these O3 precursors (at 8h), associated with traffic activity, contribute to the 
daytime O3 peak (at 14h) through photochemical production of O3. This 
relationship is evidenced by the lagged correlation between the diurnal cycle of 
O3 and those of NOx and CO at Goodwood (Figure 7b). Since the diurnal cycle of 
O3 at Molteno features a similar pattern to that of Goodwood, the NOx-O3 and the 
CO-O3 relationships described for Goodwood can be extended to Molteno, and 
probably to some other locations in the Cape Town area. 
4.2 Seasonal variation 
The concentration of ground-level O3 in the Cape Town area also varies with the 
seasons. One should note that the seasonal cycle of O3 concentration at Cape 
Point for our study period (2001-2004) is similar to that observed by Combrink et 
al. (1995) for 1988-1991. Most importantly, the O3 concentration at that remote 
background is higher than that at the urban site (Molteno) and sub-urban site 
(Goodwood) (Figure 8a), and this difference is primarily due to the presence of 
chemical sinks in the city as discussed earlier for the diurnal variation. During 
summer, however, O3 levels at Cape Point decrease to reach similar levels to 
those observed at the urban site (Molteno). Such a decline in summer is 
attributed to a destruction of O3 molecules by photolysis (see Reaction R9). In 
addition, the strongest mean wind speeds at Cape Point occur during summer 
(Figure 8b) and may result in dispersion of air pollutants, leading to a reduction of 
O3 concentration at this site. 
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In addition, the O3 concentration is higher at Molteno than at Goodwood in all 
seasons (Figure 8a). A plausible explanation is that Molteno experiences weaker 
wind speeds (Figure 8b) caused by the mountains surrounding the site, inhibiting 
the horizontal mixing of local pollutants. Minimum O3 concentration (~20 µg/m3) 
at Goodwood occurs in winter and can be attributed to chemical removal by NOx 
titration as it coincides with the maximum NOx concentration at that site (see in 
Abiodun et al., 2013). 
 
Figure 8 Seasonal variation of O3 concentration at three locations in the Cape Town area. 
(a) Composite seasonal cycles of O3 concentration at Cape Point, Molteno and Goodwood for the 
period 2001-2004. (b) Composite seasonal cycles of wind speed measured at the three sites for 




The seasonal variation of O3 levels at each site might also be influenced by the 
prevailing wind direction. At Cape Point, the lowest O3 concentration in summer 
is associated with the prevailing strong southeasterly wind (Figure 9) that brings 
clean oceanic air to the site. This flow is identifiable as “The Cape Doctor”, 
whose passage cleanses the atmosphere over most of the Cape Town area (City 
of Cape Town, 2005). 
 
 





In winter, when O3 peaks at Cape Point, the prevailing wind regime at this site is 
from the north, suggesting input of pollutants from the city (Figure 9). At 
Goodwood, a prevailing southerly wind (Figure 9) suggests input of polluted air 
from the industries and townships in the south of the suburb. At Molteno, the 
highest O3 levels in winter and spring can be associated with the calm wind 
conditions that favor the accumulation of pollutants, while the lowest levels in 
summer can be linked to the strong south-easterly flow (Figure 9). 
4.3 Characterization of the October 12, 2003 extreme O3 event 
A noteworthy and rare extreme O3 event occurred in the Cape Town area on the 
Sunday of October 12, 2003. On that day, levels of O3 concentration at four 
locations (Molteno9, Goodwood, Plattekloof10 and Vissershok11) exceeded the 
local guideline threshold (98 µg/m3 for 8 hourly averages) (City of Cape Town, 
2013). According to the episode report by the local air quality services, the 
extreme O3 event was due to extremely hot conditions that induced substantial 
photochemical production of O3 and other secondary pollutants (City of Cape 
Town, 2013). In this study, available hourly data from Molteno and Goodwood 
were used to investigate the influence of local emissions and wind conditions on 
the occurrence of the extreme pollution event. 
  
                                                     
9 Although the episode report by the City of Cape Town Air Quality Monitoring Section mentions 
Cape Town as one of the locations that experienced extreme O3 levels on the October 12, 2003, 
the latter O3 levels were measured at Molteno (Personal communication with Fazlin Waggie from 
the Air Quality Monitoring Section, City of Cape Town). 
10 Plattekloof is located to the northeast of Goodwood (~8 km). 
11 Vissershok is located to the north of Goodwood (~20 km). 
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We first analyze the variation of hourly O3 concentrations at Molteno and 
Goodwood, between October 10, 2003 (00h) and October 14, 2004 (23h). At 
both sites, the five-day O3 variation shows that more than 9 hourly readings 
(between 13h-21h) at Molteno exceeded 98 µg/m3 on October 12, 2003, while 
only four exceeded the threshold at Goodwood (Figure 10a). The maximum 
concentration at both locations exceeded 150 µg/m3 at 16h on that day. 
 
 
Figure 10 Hourly O3 concentration from 10 to 12 October 2003 at Molteno and Goodwood. 
The five-day O3 time-series starts at 00h (midnight) on October 10 and ends at 23h on October 
12. (a) The horizontal dashed line indicates the standard threshold for an 8-hourly mean O3 
concentration (98 µg/m3), as adopted by the City of Cape Town. (b) Variation of O3, NOx, and CO 




Furthermore, the 120-hour time-series suggests that the extreme O3 levels of 
October 12, 2003 were not due to aged O3 pollution, but to a rapid increase in O3 
concentration during the morning of the same day (even if there were extreme O3 
levels during the afternoon (16h) of October 11, 2003 at both sites). It can also 
be seen that the extreme O3 levels on October 12, 2003 did not persist to the 
next day (October 13, 2003). 
Because both sites are located in environments where human activity occurs, it is 
likely that the extreme O3 levels of October 12, 2003 were associated with 
anthropogenic emissions. By analyzing the variation of hourly NOx and CO 
concentration at Goodwood, in comparison to those of O3 at the same site, it is 
suggested that the O3 extreme levels were caused by photochemical production 
(Figure 10b). This production might have occurred between the late morning 
(10h) and the late afternoon (16h), following the availability of O3 precursors (i.e. 
NOx and CO) in the early morning (8h-10h). However, it is surprising to see that 
NOx levels at Goodwood on that Sunday morning (October 12, 2003) were higher 
(~100 µg/m3) that those on other weekdays, suggesting that the extreme O3 
levels at that site were not associated with the usual commuting traffic around 
Goodwood. In addition, it is not clear whether NOx and CO emissions were the 
principal drivers of the extreme O3 levels on October 12, 2003 since levels of 
these O3 precursors at Goodwood were also high on the mornings of the 
following two days (October 13-14, 2003), but associated with lower O3 levels 
(~50 µg/m3). Other factors that might have contributed to the extreme O3 levels 
include meteorological conditions. 
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The wind conditions that prevailed between 9h-21h on October 12, 2003 at 
Goodwood show that the highest O3 levels (>100 µg/m3) were associated with 
calm conditions (~0.0 m/s wind speed), while the lowest O3 levels (< 60 µg/m3) 
were associated with stronger (>2 m/s) southerly winds (Figure 11). These 
conditions suggest that the O3 that contributed to extreme pollution levels at 
Goodwood was locally produced, with possible additional pollutants advected 
from the south of the site (where there are informal settlements and small-scale 
industries). If this is the case, it is then probable that extreme O3 levels at 
Plattekloof and Vissershok originated from Goodwood. 
Unlike at Goodwood, the wind conditions that prevailed between 9h-21h on 
October 12, 2003 at Molteno suggest that the extreme O3 levels at that site were 
associated with transported pollution (Figure 12). The figure suggests that the 
sources that contributed greatly to extreme O3 levels were those located to the 
east of the site (probably in the southern suburbs) and those to the southeast 






Figure 11 Polar plot of O3 levels at Goodwood on October 12, 2003 between 9h-21h. 
The plot shows the association between O3 levels (in µg/m3) and near-surface wind conditions at 







Figure 12 Polar plot of O3 levels at Molteno on October 12, 2003 between 9h-21h. 
The plot shows the association between O3 levels (in µg/m3) and near-surface wind conditions at 




Chapter 5: Validation of the photochemical 
pollution simulated by RegCM and by WRF 
Prior to the analysis of the photochemical pollution simulated by the RegCM and 
WRF models, the performance of each model in simulating the observed daily 
and seasonal variations of O3 and NOx concentrations as well as wind variables 
(speed and direction), was evaluated over the region delimited by 33°28’S to 
34°55'S and 18°21’E to 18°55’E, representing the Cape Town area (Figure 6) 
and the region covering Molteno (33°93’S and 18°41’E), Goodwood (33°54’S and 
18°33’E) and Cape Point (34°21’S and 18°29’E). Therefore, measurements from 
the three sites were averaged to represent the observed data over Cape Town. 
Measurements for air pollutants were normalized to allow a fair comparison with 
simulations. 
Both models reproduce the daily wind speed over Cape Town well, as indicated 
by the positive correlations (r≈0.6) between the simulated and observed daily 
wind speed (Figure 13). In addition, both models simulate wind speed over Cape 
Town that compares well to the observed wind speed in terms of standard 
deviation (0.5<σ<1.0). The comparable results from both models are mainly 
attributed to the initialization of the two models with the same meteorological 
data. However, the two models simulate dissimilar variation of photochemical 
pollutants over Cape Town. While nitrogen oxides (NOx) simulated by RegCM do 
not correlate well with the observed NOx (r≈0.4), simulated NOx from WRF 
compare better to the observations (r>0.5). Furthermore, NOx simulations from 
WRF show a higher variability (σ≈2.0) than those with RegCM, whose variability 
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(σ≈1.0) is comparable to the observations. Consequently (NOx being an 
important precursor of O3), the two models do not agree on the variation of 
simulated O3 concentration over Cape Town. RegCM struggles to capture the 
daily mean concentration of O3 over Cape Town as shown by the weak negative 
correlation (r≈-0.2). In addition, the simulated O3 concentration has a higher 
standard deviation than the observed O3 concentration (σ ≈ 1.5). WRF does 
better at simulating daily O3 variation as r≈0.35 and σ ≈ 1.0. 
 
Figure 13 Taylor diagram for the simulated photochemical pollution over Cape Town. 
In the diagram, the simulated concentration of photochemical pollutants (i.e. O3 and NOx) and 
wind speed over Cape Town are compared to the averaged pollutants and wind speed measured 
at air quality stations in the Cape Town area. The comparison is done using the coefficient of 
linear correlation (along the arc) and normalized standard deviation (along the axes). The crossed 




The discrepancy between the observed and the simulated concentrations of air 
pollutants over Cape Town might also be due to the horizontal grid-resolution (35 
km) at which the two models were run. In fact, a 35 km grid-resolution is suitable 
for regional atmospheric phenomena but is very coarse for local (city) scale 
studies. With such a resolution, the models cannot reproduce differences in the 
variation of O3 observed at the various sites in the Cape Town area (Figures 7 
and 8). 
Again, due to the low spatial resolution of the simulations, both models have 
limited capacity to simulate all observed wind directions at the different sites in 
the Cape Town area (Figure 14 compared to Figure 9). Nevertheless, the models 
perform well in simulating the predominant south-easterly wind direction 
observed during spring, summer and autumn at Cape Point as well as during 
summer at Molteno. It is noteworthy that both models simulate comparable 
prevailing seasonal wind directions, probably due to the similar initial 
meteorological input data. 
Furthermore, the seasonal variation of simulated concentration of O3 over Cape 
Town is compared with observations (Figure 15a). Simulations by WRF 
demonstrate good skill at reproducing the seasonal variation of the averaged O3 
concentration over Cape Town. However, simulations with RegCM show a 
seasonal variation of O3 that is very different to that of observed O3 over Cape 
Town. While the measured O3 concentration peaks between July and November, 
RegCM simulates a seasonal O3 concentration maximum between March and 
April. The latter pattern is mainly driven by the seasonal cycle of the simulated 
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NOx concentration which also peaks between March and April (Figure 15b). The 
simulations of photochemical pollution over Cape Town could be improved by 
initializing the chemistry with local emission inventories, preferably at higher 




Figure 14 Seasonal roses for the simulated wind over Cape Town for 2001-2004. 
The top row shows wind conditions over Cape Town as simulated by RegCM while the bottom 









Figure 15 Seasonal variation of simulated O3 levels over Cape Town for 2001-2004. 
(a) Comparison of the simulated O3 to that measured at Goodwood, Molteno and Cape Point. 




Chapter 6: Results on the regional transport 
of ozone pollution over Cape Town 
6.1 Seasonal distribution of ozone precursors over South Africa 
In this chapter, we consider the pollutants’ concentration in the lower troposphere 
(near surface), which corresponds to the lowest grid of the models. Although 
WRF captures the variation of O3 concentration over Cape Town well, the model 
simulates an unreliable spatial distribution of O3 over southern Africa (Figure 16). 
In fact, between April and September, unusual maxima levels of O3 concentration 
are simulated over the Atlantic and Indian Oceans adjacent to South Africa. It is 
not clear whether these high O3 levels are due to emissions transported from the 
continent or if there are errors in the boundary conditions. Nonetheless, the 
simulated O3 precursors suggest a cause to that problem. Indeed, while WRF 
simulates a reliable distribution of some precursors (such as NOx and xylenes) 
(Figures 17 and 20), simulated concentrations of some other chemicals (for 
instance, CO and ethylene) are substantial over the marine areas adjacent to 
South Africa (Figures 18 and 19). Another odd result found in the WRF outputs is 
a semi-permanent O3 hot-spot simulated over Lesotho, higher than anywhere 
else on the subcontinent between October and March. Therefore, the distribution 
of O3 as simulated by WRF is judged to be too unreliable for use in studying its 
regional-scale transport. On the other hand, the simulations by RegCM provide a 
more reliable spatial distribution of the concentration of O3 and its precursors 
over South Africa. Hence, most results presented in this chapter are based on 







Figure 16 Seasonal distribution of O3 over South Africa as simulated by WRF. 







Figure 17 Seasonal distribution of NOx over South Africa as simulated by WRF. 








Figure 18 Seasonal distribution of CO over South Africa as simulated by WRF. 









Figure 19 Seasonal distribution of ethylene over South Africa as simulated by WRF. 









Figure 20 Seasonal distribution of xylenes over South Africa as simulated by WRF. 






Using simulations by RegCM for the period 2001-2004, we analyze the seasonal 
distribution of nitrogen oxides (NOx), carbon monoxide (CO), ethylene and 
xylenes over South Africa. Their spatial distribution helps understanding the 
potential sources of O3 in South Africa and its regional-scale transport. The 
simulations show that, throughout the year, the aforementioned O3 precursors 
are mostly concentrated over the eastern side of South Africa (from 25°E 
eastwards) (Figures 21-24). Permanent hot-spots of these O3 precursors are 
simulated over the industrial Highveld, where the country’s dominant mining 
exploitation (Mpumalanga) and urban infrastructure (Gauteng) are located. 
However, comparable NOx levels are simulated on the border of South Africa and 
Botswana and in the south of Lesotho (Figure 21). These two hot-spots are also 
found in the NOx emission data used to initialize the photochemistry in RegCM 
(Figure 3a). Besides the maxima O3 levels over the industrial Highveld, 
substantial levels of O3 precursors are simulated over major cities of South 
Africa, such as Durban on the south-east coast and Cape Town on the south-
west coast. This result is in agreement with the emission inputs (Figure 3), 
suggesting that urban areas of South Africa are potential sources of O3. 
Therefore, apart from O3 that might be transported to Cape Town, there is O3 that 
is primarily produced from local emissions. 
Other noteworthy features are simulated between July and October, for CO 
(Figure 22). High levels of CO are simulated to be widespread over tropical 
southern Africa. This seasonal pattern is attributed to biomass burning events 
that are frequent in spring, releasing CO and other various O3 precursors from 
56 
 
fire emissions. As it will be shown later, the increase in O3 precursors during that 
season contributes to increasing O3 concentration over southern Africa. 
Between August and September, the prevailing wind conditions suggest that 
pollutants from eastern South Africa are transported towards the east coast, 
resulting in extreme pollution levels on the coast (Figures 21-24). The pollutants 
accumulate along the coastal region by the influence of prevailing easterly winds 
from the Indian Ocean, preventing an effective transfer of the pollution to the 
atmosphere over the ocean. This result is consistent with previous studies based 
on measurements (e.g. Stein et al., 2003), in which high levels of pollutants and 
haze conditions along the eastern coastal region of southern Africa were 
attributed to meteorological conditions (and not to local emissions). This 









Figure 21 Seasonal distribution of NOx over South Africa as simulated by RegCM. 









Figure 22 Seasonal distribution of CO over South Africa as simulated by RegCM. 









Figure 23 Seasonal distribution of ethylene over South Africa as simulated by RegCM. 










Figure 24 Seasonal distribution of xylenes over South Africa as simulated by RegCM. 




6.2. Seasonal distribution of tropospheric ozone over South Africa 
We also analyze the seasonal distribution of O3 over South Africa, as simulated 
by RegCM, for the period 2001-2004 (Figure 25). The model simulates a semi-
permanent hot-spot of O3 concentration (>25 ppb) over the north-eastern 
Highveld of South Africa, consistent with the emission rates over that region 
(Figure 3). Both these emission rates and the O3 hot-spot suggest that the north-
eastern Highveld region (the industrial Highveld), is an area where O3 is 
produced in substantial quantities throughout the year. However, the O3 hot-spot 
is more intense and covers a wider area between July and September, when it 
extends from the Highveld to the eastern coast of the country. The simulated 
wind suggests that, during that season, O3 pollution from the industrial Highveld 
is transported towards the east and southeast coasts. Then, the pollution gets 
trapped along the coast by the confluence of the westerly winds from the 
continent and easterly winds from the Indian Ocean, resulting in an accumulation 
of O3 along the coastline (Figure 25). In other words, this O3 hot-spot over the 
east coast of South Africa is caused by meteorological conditions that favor the 
accumulation of pollutants, in agreement with Stein et al. (2003), who associated 
seasonal haze conditions (between August-September) over the same region 
with stagnant atmospheric conditions (for instance, the formation of an 
atmospheric col or the presence of weak high-pressure systems). 
The simulated O3 concentration anomalies (with respect to the annual O3 mean 
concentration) show that, between August and October, O3 concentration 
increases (positive anomalies) over parts of Namibia, Botswana and Zimbabwe, 
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as well as parts of the Indian and Atlantic Oceans (Figure 26). These positive 
anomalies are mainly attributed to substantial O3 production following the 
biomass burning emissions that prevail over tropical southern Africa during these 
months (Thompson et al., 1996a). Such regional biomass burnings release 
chemical compounds that include O3 precursors such as CO, hydrocarbons and 
NOx, leading to high O3 levels and sometimes to O3 maxima over most of 
southern Africa (Thompson et al., 1996a). 
During other months, lower emissions from biomass burning together with 
atmospheric conditions are responsible for the negative anomalies of O3 over 
north-eastern South Africa. Between November and April, inflows from the Indian 
Ocean penetrate inland and, dilute the atmosphere over the north-eastern region 
of the country, while transferring some pollutants towards the south and 
southwest. Between February and April, Cape Town and the south-western coast 
of South Africa experience positive anomalies especially in March and April. 
However, these positive anomalies are lower than those simulated over the 








Figure 25 Seasonal distribution of O3 over South Africa as simulated by RegCM. 










Figure 26 Seasonal O3 concentration anomalies over South Africa as simulated by RegCM. 
The O3 anomalies are calculated with respect to the annual O3 mean. The figure also shows the 




6.3 Regional transport and extreme ozone pollution over Cape Town 
As part of this study, we investigate the influence of the regional-scale transport 
of O3 pollution on air quality in Cape Town. Based on the four-year simulations 
by RegCM, we identify days with extreme O3 levels over the Cape Town area 
(see on Figure 6) as days on which the simulated daily O3 concentration exceeds 
the the 99th percentile value (27 ppb). 
 
Figure 27 Simulated daily O3 concentration over Cape Town for the period 2001-2004. 
Extreme O3 pollution events are identified as days on which O3 levels exceeded the 99th 
percentile value (27 ppb) indicated by the horizontal dashed line. 
 
Between 2001 and 2004, the simulated daily O3 concentration over Cape Town 
exceeded the 99th percentile value on 13 days in different years and months 
(Figure 27). One extreme event occurred in January, five cases in March, six in 
April and one in September. However, only seven of these extreme pollution 
events (the one in January, three in March, two in April and the one September) 
are found to be associated with regional transport of air pollutants, while the 
other six extreme events show no evidence of regional implications, but rather 
are likely to be caused by atmospheric emissions over Cape Town. 
66 
 
Figure 28 shows the evolution of the regional distribution of O3 concentration 
leading to extreme pollution levels over Cape Town, as a result of regional-scale 
transport of O3 pollution. The figure shows a sequence of two days before the 
extreme O3 pollution event occurs in Cape Town, the day with extreme O3 
concentration over Cape Town and a day after the extreme O3 event. It is 
noteworthy that extreme O3 levels over Cape Town are comparable to those over 
the industrial Highveld. In addition, there is an exceptional band of high O3 
concentration that forms along the southern coastline of South Africa, prior to the 
occurrence of an extreme O3 event in Cape Town. The wind field suggests that 
this band results mainly from transported pollution from the Highveld region by 
northerly flows, that get trapped along the coastline, resulting in an accumulation 
of air pollutants. The coastal band acts as a reservoir of O3 pollution that induces 
extreme levels over most of the south coast of South Africa and extends over 
Cape Town, especially when easterly flows from the Indian Ocean persist along 
the coastline. In April (Figure 28, E1-E2), the simulations suggest that O3 
pollution from the Highveld may also be directly transported to Cape Town by 
northeasterly winds with an anticyclonic pattern, comparable to berg winds over 
Cape Town (Jury et al., 1990). The O3 transported to Cape Town might then 
contribute to increase local O3 concentration. The termination of high O3 
incidences over Cape Town is characterized by a shift from winds of continental 
and coastal origin to winds of marine origin (Figure 28, Day +1). These winds are 
strong, such that they penetrate inland, bringing clean air from the ocean thus 
resulting in effective dilution of the air over Cape Town. The origin of these winds 
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is either the southwest or the southeast, suggesting that these flows correspond 
to frontal circulations and to “The Cape Doctor”, respectively. 
 
Figure 28 Cases of simulated extreme O3 levels in Cape Town due to regional transport. 
The figure shows the spatial distribution of the O3 simulated by RegCM and associated wind field 
for sequences of days linked to extreme O3 levels over Cape Town. Each row represents a 
sequence of days, starting with two days before the extreme event (Day -2, Day -1), the day of 





6.4 Paths of air parcels from the industrial Highveld to Cape Town 
To investigate the transport of air parcels from the industrial Highveld to Cape 
Town, we consider — from the 1441 clusters of simulated lagrangian trajectories 
(see in Section 3.3) — clusters of trajectories that show a connection between 
the two locations. The identified trajectories are then classified into modes by 
similarity of pathways. Finally, each mode is associated with a frequency of 
occurrence with respect to the number of all identified cases. 
With both WRF and RegCM results, the identified clusters of trajectories show 
that air pollutants with a relative long residence time in the troposphere, such as 
O3, can reach Cape Town via four major pathways (Figure 29). Of all identified 
cases, the most frequent path (P1; 68.0% with WRF and 49.5% with RegCM) 
shows that air parcels from the industrial Highveld can reach Cape Town by the 
northeast route with an anticyclonic pattern (Figure 29a). This route suggests a 
pattern similar to that of the berg winds that have been associated with brown 
haze conditions in Cape Town (Jury et al., 1990). The second frequent path (P2; 
18.0% with WRF and 30.1% with RegCM) by which O3 can be advected from the 
industrial Highveld to Cape Town involves a deviation towards the southeast, 
followed by a shift towards tropical southern Africa, to reach Cape Town from the 
northwest (Figure 29b). This route is relatively long, such that the pollution from 
the industrial Highveld might affect tropical southern Africa more than downwind 
locations in South Africa. The third frequent path (P3; 13.4% with WRF and 
19.0% with RegCM) shows that air parcels can reach Cape Town after being 
transported along the southern coastline (Figure 29c). Both the northeasterly 
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routes and the paths along the south coastline were shown to be associated with 
extreme O3 levels (see in Section 6.2). Lastly, the least frequent path (P4; 0.6% 
with WRF and 1.4% with RegCM) shows that air parcels from the Highveld can 
be transported over the Indian Ocean, and then deviate to reach the region of 
Cape Town from the southwest (Figure 29d). 
Furthermore, simulated trajectories with both models show that the regional 
transport of air parcels from the industrial Highveld to Cape Town can occur in 
any season, from summer (DJF) to spring (SON) (Tables 1 and 2). Nonetheless, 
both models agree that such a transport is less likely in summer when only 3.7% 
of the identified trajectories reach Cape Town. The simulated trajectories also 
show that air parcels from the industrial Highveld can reach Cape Town at a 
frequency of more than 40 days per year. While results with RegCM suggest that 
such a frequency varies between 46-67 days a year (Table 1), those with WRF 
show that such a transport may be less frequent, occurring on between 41-50 
days per year (Table 2). In general, WRF simulates fewer cases than RegCM, 
especially in April, May and July. Nonetheless, because most of the identified 
trajectories occur on consecutive days, the transport of air parcels from the 
industrial Highveld to Cape Town is likely to contribute to a substantial increase 









Figure 29 Advection paths of air parcels from the industrial Highveld to Cape Town. 
(a) northeasterly path, (b) tropical deviation path, (c) southern coastline deviation path, and (d) 
oceanic deviation path. The frequency of occurrence of each transport mode (with respect to all 





Most importantly, both models suggest that more than 70% of the transport of air 
parcels from the industrial Highveld to Cape Town occurs between April and 
September, a period known to be characterized by poor dispersion conditions 
and the occurrence of brown haze over Cape Town (Piketh et al., 2004; Wicking-
Baird et al., 1997; Jury et al., 1990). Under such atmospheric conditions, 
transported O3 would then increase the local O3 concentration and eventually 
lead to the occurrence of extreme pollution events in Cape Town. 
Table 1 Occurrence of air transport from the Highveld to Cape Town with RegCM. 
The table below shows the counts of days on which lagrangian trajectories simulated the 
advection of air parcels from the industrial Highveld to Cape Town. The paths P1, P2, P3 and P4 
represent the northeasterly path, the tropical deviation path, the southern coastline path and the 
oceanic deviation path, respectively. 
Year Path D J F M A M J J A S O N Total 
2001 
P1 0 0 0 9 0 4 2 7 0 12 0 0 34 
51 
P2 0 0 0 0 0 8 2 0 0 0 0 0 10 
P3 0 0 0 2 1 0 0 0 0 4 0 0 7 
P4 0 0 0 0 0 0 0 0 0 0 0 0 0 
2002 
P1 0 0 0 0 0 3 1 6 2 4 0 0 16 
52 
P2 0 0 0 3 3 7 0 11 2 3 0 0 29 
P3 0 0 0 0 0 0 0 0 3 3 0 0 6 
P4 0 0 0 0 0 1 0 0 0 0 0 0 1 
2003 
P1 0 0 0 0 0 0 19 7 0 0 0 0 26 
46 
P2 0 0 0 0 0 9 0 1 0 0 0 0 10 
P3 0 0 0 0 0 3 5 0 0 0 0 0 8 
P4 0 0 0 0 0 2 0 0 0 0 0 0 2 
2004 
P1 0 0 0 1 2 13 2 6 0 1 6 0 31 
67 
P2 0 0 2 0 5 4 5 0 0 0 0 0 16 
P3 0 0 6 9 3 0 0 0 0 0 2 0 20 
P4 0 0 0 0 0 0 0 0 0 0 0 0 0 




Table 2 Occurrence of air transport from the Highveld to Cape Town with WRF. 
The table below shows the counts of days on which lagrangian trajectories simulated the 
advection of air parcels from the industrial Highveld to Cape Town. The paths P1, P2, P3 and P4 
represent the northeasterly path, the tropical deviation path, the southern coastline path and the 
oceanic deviation path, respectively. 
Year Path D J F M A M J J A S O N Total 
2001 
P1 0 0 0 10 1 5 1 5 1 2 3 0 28 
41 
P2 0 0 0 0 0 0 4 3 0 0 0 0 7 
P3 0 0 0 2 1 0 0 0 0 2 0 1 6 
P4 0 0 0 0 0 0 0 0 0 0 0 0 0 
2002 
P1 0 0 1 3 0 7 6 2 2 1 0 0 22 
45 
P2 0 0 2 0 3 5 1 1 1 2 0 0 15 
P3 0 0 5 2 0 0 0 0 0 1 0 0 8 
P4 0 0 0 0 0 0 0 0 0 0 0 0 0 
2003 
P1 0 0 0 1 0 7 12 2 0 9 1 0 32 
42 
P2 0 0 0 0 0 0 6 1 0 0 0 0 7 
P3 0 0 0 0 0 2 0 0 0 0 0 0 2 
P4 0 0 0 0 0 1 0 0 0 0 0 0 1 
2004 
P1 0 0 0 7 2 7 3 5 4 5 6 0 39 
50 
P2 0 0 0 0 0 3 0 0 0 0 0 0 3 
P3 0 0 0 4 2 0 0 0 0 0 2 0 8 
P4 0 0 0 0 0 0 0 0 0 0 0 0 0 





To recap on this analysis of lagrangian trajectories, both WRF and RegCM agree 
on the following results: 
 The transport of air parcels from the industrial Highveld to Cape Town 
exists and can occur within 20 days. This transport may also occur in any 
season but it is less likely in summer. 
 There exist four advection paths by which air pollutants from the industrial 
Highveld can be transported to Cape Town. The most frequent path is the 
direct northeasterly route, similar to berg winds over Cape Town. In 
addition, the paths associated with critical pollution over Cape Town are 
the direct northeasterly route and the path along the southern coastline of 
South Africa. 
 The transport of pollutants from the industrial Highveld to Cape Town is 
relatively rare, but may occur at a frequency of more than 40 days per 
year. In most cases, the transport occurs on consecutive days, possibly 
leading to substantial increases of pollution levels over Cape Town. 
 Finally, more than 70% of all identified cases occur between April and 
September, a period known to be characterized by poor air quality 




Chapter 7: Conclusion 
7.1 Concluding summary 
This dissertation focuses on O3 pollution which has the potential to cause 
negative effects on vegetation, materials and human health. The aim of this study 
is to investigate the local variation and the regional-scale transport of O3 pollution 
over Cape Town. This goal has been attained through the analyses of station 
data and simulated atmospheric pollution over southern Africa. 
The results of the study can be summarized in the following points: 
 In the Cape Town area, ground-level O3 concentration increases during 
the daytime following sunlight driven production processes. On an episode 
day for example, ambient O3 concentration in Cape Town may increase to 
reach 100 µg/m3 for more than 8 consecutive hours in a day. 
 The seasonal variation of ground-level O3 concentration in the Cape Town 
area is strongly related to the prevailing wind conditions. 
 The concentration of ground-level O3 is higher at the remote background 
site (Cape Point) than at the urban site (Molteno) and the sub-urban site 
(Goodwood), mainly due to the presence of chemical sinks such as NOx in 
the city. 
 Both RegCM and WRF simulated the prevailing wind conditions over 
Cape Town well. The two models reproduced similar results, mainly 
because they were initialized with the same meteorological data. 
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 The set-up of the WRF model considered in this study accurately 
reproduces the variation of O3, NOx and wind variables over Cape Town. 
However, a problem was identified in the spatial distribution of 
photochemical pollutants (mainly O3, CO and ethylene) over southern 
Africa. Hence the photochemical pollution simulated by WRF was not 
used to study the regional-scale transport of O3 to Cape Town. 
 On the other hand, the set-up of RegCM considered in this study provides 
credible simulations of the spatial and seasonal distribution of tropospheric 
O3 concentration over South Africa. In fact, the simulations with RegCM 
reproduced well the regional spring O3 maxima (Thompson et al., 1996a), 
highest levels of pollution over the industrial Highveld (Collett et al., 2000) 
and seasonal extreme pollution levels over the east coast of South Africa 
(Stein et al., 2003). Therefore, photochemical pollution simulated by 
RegCM was used to study the regional transport of O3 pollution to Cape 
Town. 
 The simulations by RegCM show that atmospheric emissions from the 
industrial Highveld can contribute to extreme O3 concentration over Cape 
Town (especially in January, March, April and September) through the 




 Lagrangian trajectories simulated using wind outputs from both models 
(WRF and RegCM) show that there exist four major pathways by which air 
parcels from the industrial Highveld can be transported to Cape Town: a 
direct northeasterly path, a tropical deviation path, a deviation path along 
the southern coastline and a deviation path over the ocean. 
 However, the study suggests that the paths linked to critical pollution over 
Cape Town are the direct northeasterly path and the path along the 
southern coastline. 
 The climatology of the simulated trajectories suggests that the transport of 
air pollutants from the industrial Highveld to Cape Town occur rarely in a 
year (the frequency of occurrence is simulated to vary between 40-67 
days per year). However, such a transport is simulated to occur mostly 
between April and September, which coincides with the season of brown 
haze episodes over Cape Town. Nevertheless, this study argues that the 
transported pollution to Cape Town contributes to increase the levels of air 
pollutants which are already substantial due to local emissions. 
This study confirms the connection between atmospheric emissions from the 
industrial Highveld of South Africa and extreme pollution levels over Cape Town 
previously suggested by Abiodun et al. (2013) and Jenner and Abiodun (2013). 
Although the transport of air pollutants from the industrial Highveld to Cape Town 
seems to occur occasionally, the study recommends considering both the 
regional-scale emissions and transport in the monitoring of air quality in the city, 
especially between April and September. 
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7.2 Suggestions for further studies 
There are various aspects of regional transport of air pollutants that still need to 
be investigated in order to better understand the sources of air pollution over 
Cape Town. Further studies should focus on the following points: 
 A quantification of the contribution of atmospheric emissions from the 
industrial Highveld on pollutant levels over Cape Town would be 
necessary for scientific and policy-related assessment. 
 The monitoring of the time along the different trajectories of air parcels 
from the industrial Highveld to Cape Town would be required to evaluate 
which pollutants can be transported between the two locations. 
 Sampling or continuous measurements of pollutant concentrations along 
the most critical pathways (the direct northeasterly and southern coastline 
routes) would be useful in validating the identified transport routes. 
 The use of remote sensing products may also contribute to strengthen the 
analysis of regional pollution and to evaluate of the identified transport 
patterns. 
 The identification of other remote sources contributing to air pollution over 
Cape Town would also be of benefit to the local air quality monitoring 
service. These sources may be located over the subcontinent or as far as 
in South America (Brunke et al., 2004). 
 If any study intends to use the WRF model to simulate the photochemical 
pollution over southern Africa, we recommend the use of other initial 
chemical emissions than EDGAR4.2. Alternative emission databases 
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include RETRO (Reanalysis of the tropospheric chemical composition 
over the past 40 years) (Schultz et al., 2007) and MOZART (Model for 
ozone and related chemical tracers) (Emmons et al., 2010). 
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